Data on individual exposure to 2,4-dichlorophenoxyacetic acid (2,4-D) in herbicide production plants are limited. Hence, the urinary excretion of this herbicide was measured during a five year (1985)(1986)(1987)(1988)(1989) biological monitoring study of 27 men and 18 women employees exposed during the production and formulation of 2,4-D and related sodium and dimethylamine salts. In separate studies, specimens of urine were collected in the morning, or during the last three hours of a working shift, or over a 24 hour period (1200 to 1200 or 0800 to 0800) and were analysed by an immunochemical method (2,4-D radioimmunoassay (RIA) The suspected carcinogenic potential of 2,4-dichlorophenoxyacetic acid (2,4-D) has raised concern about the exposure of workers to it. By contrast with many applicator studies in agriculture and forestry, data on the occupational exposure to 2,4-D in herbicide production plants are limited.1-9 Generally, in these studies only ambient air concentration of 2,4-D at the workplace was measured. As the herbicide is absorbed readily through the skin, these measurements do not necessarily show the total amount absorbed into the body. By obtaining actual individual exposure data a better assessment of the potential health hazard to employees in chemical plants is possible.
2,4-dichlorophenoxyacetic acid (2,4-D) in herbicide production plants are limited. Hence, the urinary excretion of this herbicide was measured during a five year (1985) (1986) (1987) (1988) (1989) biological monitoring study of 27 men and 18 women employees exposed during the production and formulation of 2,4-D and related sodium and dimethylamine salts. In separate studies, specimens of urine were collected in the morning, or during the last three hours of a working shift, or over a 24 hour period (1200 to 1200 or 0800 to 0800) and were analysed by an immunochemical method (2,4-D radioimmunoassay (RIA) The suspected carcinogenic potential of 2,4-dichlorophenoxyacetic acid (2,4-D) has raised concern about the exposure of workers to it. By contrast with many applicator studies in agriculture and forestry, data on the occupational exposure to 2,4-D in herbicide production plants are limited.1-9 Generally, in these studies only ambient air concentration of 2,4-D at the workplace was measured. As the herbicide is absorbed readily through the skin, these measurements do not necessarily show the total amount absorbed into the body. By obtaining actual individual exposure data a better assessment of the potential health hazard to employees in chemical plants is possible.
In the past, a radioimmunochemical assay for 2,4-D developed at our laboratory was successfully applied to the biological monitoring of herbicide sprayers.'0 The object of the present study was to measure 2,4-D urinary excretion of employees engaged in the production, formulation, and packaging of 2,4-D and related salts in order to estimate average rates of absorption. Investigations were extended over several years.
Materials and methods

SUBJECTS AND PRODUCTION
The study group comprised the staff of a herbicide (2,4-D sodium and dimethylamine salts) production plant, consisting overall of 27 men (mean age, 42 (range 26-58) years) and 18 women (mean age, 39 (range 17-61) years). Eight studies were performed between 1985 and 1989 with varying numbers of the workers included. Each worker was coded with a number that was strictly maintained throughout.
The process used in the manufacture of 2,4-D was based on the condensation reaction between 2,4-dichlorophenol and monochloroacetic acid under alkaline conditions (the Pokorny process). The raw materials of the chlorination process were molten phenol and chlorine gas. Water soluble 2,4-D amine salt was formed with dimethylamine. The process started with the neutralisation of acidic raw materials by sodium hydroxide in a neutralisation vessel. Raw materials were then transferred to a reaction vessel where the condensation reaction took place (condensation station). The resultant water soluble salt of the phenoxy acid was filtered, dried, and removed to be packed. For the production of the amine, the sodium salt was converted to the free acid by adding hydrochloric acid in an acidification vessel and the resulting 2,4-D acid was filtered, dried again (2,4-D acid filter station), and finally aminated in a minutes. Then the solution was again evaporated to dryness under nitrogen, taken up in 5 ml of isooctane, and analysed with a Hewlett-Packard 5880 A gas chromatography apparatus equipped with a 50 m x 0-2 mm internal diameter HP Ultra 2 column and electron capture detector. Gas chromatography conditions were as follows: detector, electron capture 63Ni temperature 300'C; carrier gas hydrogen; make up gas nitrogen; flow rate through the column 2-3 ml/min; sample volume injected 2 Al; injector temperature 250'C; column temperature, programmed at 70'C/min to 250'C and maintained for 20 minutes. External standards were used for calibration. Radioimmunoassay was performed as described elsewhere.11 Samples were 100 pl aliquots of the methanolic eluate or an appropriate dilution with water. Calibration curves were obtained with herbicide standard solutions prepared in these matrices. In the present investigation, because of a prospective follow up study about the association of specific types of cancer and occupational exposure to 2,4-D the workers and controls were typed for HLAs (ABC antigens). The phenotypic frequencies in the 2,4-D exposed group were compared with those of a group of blood donors living in the catchment area of the chemical plant.
Results
EXPOSURE MEASUREMENTS
Despite the fact that the number of workers included in the exposed group was very small compared with the controls (n = 27 v n = 1673), phenotypic frequencies of HLA-ABC antigens had similar distributions. When given phenoxyacid herbicides and probenecid simultaneously, however, renal excretion was inhibited.'9 Great differences in the urinary concentrations between the workers gave rise to speculation that local conditions of exposure varied. After an observation period of one week, this was confirmed. Also, irregular 2,4-D urinary concentration profiles of some employees (Nos 29 and 34) pointed to temporal fluctuations in exposure.
In 1984, it was stated by WHO that in the case of occupationally exposed workers further consideration should be given to the chemobiokinetics of 2,4-D under repeated exposure conditions. ' excretion rates for persons working in the different production areas could be estimated from the TWA. These rates hardly exceeded 2-0 at the laboratory and the control station, 5 0 at the condensation station, and about 70,ug/kg body wt/day at the 2,4-D acid filter station. As will be discussed later, daily excretion rates of urinary 2,4-D derived from spot samples or measured in 24 hour urine samples are in some cases higher than the estimated excretion rates calculated from a typical TWA. This points to routes of entry other than inhalation (table 7) .
This statement has to be qualified by the fact that workers during a working day normally enter different production areas so that a clear cut allocation to one single TWA for the whole time of a working shift is nearly impossible. Nevertheless, dermal resorption could play an important part, especially for persons who are in direct contact with the herbicide through their hands and uncovered skin (2,4-D acid filter). As found by Moody et al uncovered skin on the human forehead is very permeable to phenoxyacid herbicides.22 More studies should be done to better evaluate the different routes of exposure under conditions found in the chemical industry.
To obtain the most precise individual exposure data complete urine sampling should be done. In practice, this is often difficult. As an alternative, metabolite concentrations in spot urine samples in some cases were corrected for creatinine or specific weight of urine to get an estimation of daily excretion rates. As our investigations showed, there was a strong correlation between concentration of urinary 2,4-D and the amount of excreted herbicide adjusted for endogeneous creatinine. Although creatinine clearance is extensively used in clinical studies as a measure of glomerular filtration rate it is well recognised that about 10% to 40% of the clearance of creatinine in humans is due to active tubular secretion.23 Because of its high plasma protein binding renal excretion of 2,4-D by glomerular filtration is almost negligible. The main processes are active tubular secretion and reabsorption of the herbicide. Obviously, the different mechanisms of excretion lead to an approximation of creatinine and 2,4-D clearances.
There was good agreement between daily herbicide excretion rates measured in 24 hour samples with extrapolated values derived from adjusted concentrations in partial day urine specimens (92-9% (34 2%)). This finding emphasises the association of elimination of creatinine and 2,4-D. Possible influences of urinary pH and diurnal excretion profile should be investigated in more detail, however, in further studies.
Based on all the available data for the five year study the distribution of estimated daily excretion rates (fig 3) showed that most values were lower than 50,ug/kg body wt and therefore indicated a fairly low exposure. A further 10% could be attributed to the range of 50-100 pug/kg body wt, and only about 6% of the values amounted to 100-400 ,ug/kg Knopp body wt. One single, extremely high excretion rate of 738 5 jig/kg body wt was found.
The estimated doses were several orders of magnitude below the no observed adverse effect level of 36 mg/kg body wt/day for acute toxic effects and below the no observed adverse effect level of 10 mg/kg body wt/day for embryotoxic, fetotoxic, and teratogenic effects of 2,4-D.19 Therefore, the resulting safety factors for more than 90% of the estimated daily excretion rates are greater than 360 and 100 respectively and the received exposure should not constitute a serious health hazard. Only 6-6% of the estimated values resulted in safety factors lower than 50 for embryotoxic, fetotoxic, and teratogenic effects pointing to a possible health hazard from exposure to 2,4-D. ' 
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